Abstract-Cryogenic sapphire oscillators (CSO) developed at the University of Western Australia (UWA) have now been in operation around the world continuously for many years. Such oscillators, due to their excellent spectral purity are essential for interrogating atomic frequency standards at the limit of quantum projection noise; otherwise aliasing effects will dominate the frequency stability due to the periodic sampling between successive interrogations of the atomic transition. Other applications, which have attracted attention in recent years, include tests on fundamental principles of physics, such as tests of Lorentz invariance. This paper reports on the long-term operation and performance of such oscillators. We compare the longterm drift of some different CSOs. The drift rates turn out to be linear over many years and in the same direction. However, the magnitude seems to vary by more than one order of magnitude between the oscillators, ranging from 10 14 per day to a few parts in 10 13 per day.
jor redesigns since 1989, and they are referred to as first-, second-, and third-generation designs in historical order.
The first successful development of the CSO was achieved in 1989 (first-generation), which exhibited frequency instability better than one part in 10 14 (9 × 10 −15
at 10 to 300 seconds) [10] , [11] . At the heart of the CSO was a sapphire cylinder of 3-cm diameter placed in a superconducting niobium cavity. At that point in time, the structure of the WG modes within the resonators were unknown. The mode structures were first determined during 1990 by solving Maxwell's equations in uniaxial anisotropic dielectric resonators, and applying to an open structure [12] . Later, the problem, including the enclosing cavity, was solved [10] .
One of the first-generation sapphire clocks was transported to the National Measurement Laboratory (now the National Measurement Institute, NMI) in Sydney during 1993. The oscillator was used as the flywheel oscillator for a microwave atomic clock based on trapped, laser-cooled, ytterbium ions. This clock was the first trapped ion clock to combine the extreme accuracy possible achieved by cooling the ions to sub-Kelvin temperatures, thus reducing relativistic frequency shifts due to ion motion to less than 1 part in 10 15 , with the improved signal-to-noise ratio possible by using a relatively large number (10 4 ) of ions. This combination of accuracy and frequency stability was unique in a trapped ion atomic clock, and enabled the NMI clock to have performance comparable to that of a cesium fountain clock [11] . Since then, the first sub-10 −14 beat was achieved between two of the first generation CSOs [13] . The same two oscillators were recently resurrected, then implemented for a new rotating experiment to test Lorentz invariance [14] [15] [16] [17] .
To increase the Q-factor and reduce the cavity wall effect on the resonance frequency, larger pieces of sapphire (5 cm in diameter rather than 3 cm) were implemented in the second-generation CSOs, which allowed the frequency instabilities to be reduced by a factor of 3, to between 3 and 4 × 10 −15 at 0.2 to 100 seconds [18] . During 1998 a secondgeneration sapphire oscillator was transported from UWA to SYRTE (Paris) for 1 month. This enabled the best performance of the SYRTE fountain at the quantum projection noise (QPN) limit [19] . Later, further optimization of the electronics and sapphire resonator enabled a further order of magnitude improvement in performance of 2.4 × 10 −16 at 32 seconds [20] . During 2000 an improved second-generation CSO was transported again to SYRTE at the Paris Observatory. The oscillator allowed some new tests on Lorentz invariance, up to a factor of 70 times more superior than previously [21] [22] [23] . The oscillator now supplies the stable frequency used to synthesize the frequencies that excite atomic transitions of the atomic clocks at SYRTE [24] , [25] .
During 2002, we set out to redesign the sapphire oscillators so they were easier to transport from UWA to another site (third-generation). This was prompted by the requirement of the French Space Agency (CNES) to have such an oscillator to enable ground tests on the Projet d'Horloge Atomique par Refroidissement d'Atomes en Orbite (PHARAO) atomic space clock, for the atomic clock ensemble in space (ACES) mission. The oscillator was transported to CNES in Toulouse during 2003. The shortterm frequency stability was measured and limited by the hydrogen maser used in the comparison (< 4 × 10 −15 at 10 2 -10 3 seconds) [26] ; the long-term results are reported in this paper.
The short-term performance of various configurations of the CSOs has been well characterized previously and currently represents the state-of-the-art in frequency stability. In this work, we concentrate on comparing the long-term performance of the UWA designed CSOs for periods of multiple years, starting from the latest third-generation oscillators wherein we also introduce the new design changes implemented.
We also compare results of the UWA designed CSOs with those obtained by other groups.
II. Third-Generation CSO at CNES

A. New Cryogenic Insert
A third-generation CSO now resides at CNES in Toulouse [27] . The main design change implemented was that of the cryogenic insert that houses the sapphire WG mode cavity, which we describe here. Fig. 1 shows a schematic of the inner can and outer vacuum chambers that support the cavity. The niobium cavity encasing the sapphire resonator is immersed in a helium bath (∼4 K) to reduce thermal noise and increase the Q-factor of the resonance. The helium bath is shielded from the environment by a heavily insulated dewar approximately 1.8-m high and 0.5-m wide. The sapphire itself is attached to the lower end of an insulating stainless steel "insert" that is placed into this dewar. The insert consists of a series of baffles to reduce convection and maintain temperature within the dewar. Stainless steel microwave transmission lines are used to complete the room temperature to liquid helium section of the oscillator circuit due to their low thermal conductivity. To prevent stress on the microwave fitting associated with thermal cycling, loops are placed within the microwave cables.
Although it is important to maintain the resonator at helium temperatures, it also is important to thermally isolate it from the surrounding helium bath to reduce the severity of any temperature fluctuations. As such, the niobium cavity is contained within an "inner can" turbo pumped to ∼10 −6 Torr at room temperature, then further cryo-pumped upon cooling. Heat is extracted from this inner can via the copper-mounting shaft. The inner can is contained within a second "outer can" that is pumped to ∼10 −3 Torr to reduce thermal conduction into the dewar and to provide a vacuum environment for the microwave components, which sit inside the can. Heat is drawn from the outer can via three copper heat sinks, which sit in the helium bath.
A heater wire is situated on the copper post inside the outer can to maintain the sapphire at its turning point in the frequency/temperature dependence (around 6 K). Calibrated carbon-glass and germanium resistance temperature detectors (RTDs) situated on the copper post in the outer can were used to measure the temperature. The turning point is due to Ti +3 and Mo +3 ions and has a curvature of 3 Hz K −2 . Thus, to achieve fractional frequency, stability of order 10 −16 at 1 mK offset from the turning point, a temperature stability of 0.3 mK would be necessary.
In previous generations, problems were experienced with the way we created vacuum seals. The seals were achieved by crushing indium wire within a tongue and groove. Leaks were common and difficult to find, and the whole process needed to be repeated when thermally cycling the experiment. A new Mylar seal system was developed, which may be cycled repeatedly. The seals are easily cleaned and recycled when compared to our previous indium system. All microwave and wiring feed-throughs have been made as modular units for ease of assembly and to allow more flexibility with placement. The new seals were found to be most effective, and no leaks have been detected in any of the seals implemented. The inner can itself was redesigned as a smaller, lighter unit. A rounded bottom maintains structural rigidity and allows for thinner walls. It also reduces the amount of liquid helium required to initially cool the can.
B. Long-Term Performance of the CNES CSO
The CSO was transported to CNES to act as the local oscillator for the engineering model of the PHARAO space clock [22] . Also, during the mission it is planned to operate as part of the ground station ensemble of stable oscillators and clocks. To measure the frequency stability of the CSO, it is compared to the CNES hydrogen maser. Below 300 seconds, the measurement is limited by the maser; above 300 seconds it is limited by the CSO. For details on how the measurement is achieved see [22] . The fractional frequency shift of the CSO has been recorded from 2003 to 2005 and is plotted in Fig. 2 . During cryogenic cycling, there was an abrupt frequency jump of about 0.5 Hz; however, the drift otherwise remained at a constant level of −2.4 × 10 −13 /day. The frequency jump is small compared to the bandwidth of the sapphire resonator, which is of the order of 10 Hz and most likely arises due to irreversible changes to the resonator through cycling to room temperature. For example, this could occur due to a shift in coupling or cavity dimension. Whatever the cause, it does not impinge on the operation of the oscillator as the frequency shift is quite small.
III. CSO at the Paris Observatory
The second-generation CSO at the Paris Observatory is well described in [19] [20] [21] [22] [23] [24] . It serves as a master oscillator of a frequency synthesis chain providing a spectrally clean microwave signal for probing atomic transitions at the QPN limit. To correct for the relatively large, long-term drift of the CSO, the oscillator is weakly phase locked to a hydrogen maser (Fig. 3) . It thus has the stability of the CSO at Fig. 3 . Schematic of the synthesized comparison between the the CSO (Cryo) with respect to a hydrogen maser [24] . The resulting beat frequency is between 65 and 63 Hz. Here SM is a sampling mixer.
short times (< 10
−15 up to 800 seconds) and the hydrogen maser over the long-term. This data was used previously to test the constancy of the speed of light and the photon sector of the standard model of physics, which rely on the Earth's rotation and orbit [21] [22] [23] . In this work we use the same data to analyze the long-term performance of the CSO.
The final synthesized beat frequency between the hydrogen maser and the CSO has drifted between 65 to 63 Hz since 2002. The fractional beat frequency is plotted against time in Fig. 4 . The striking feature is the constant linear drift of −1.5 × 10 −13 /day over a period of more than 3 years. As for the CNES CSO, there is a frequency shift during cycling. However, the drift remains constant at a similar level.
IV. CSO at the National Measurement Institute
A first-generation CSO was transported to the NMI in 1993. The oscillator has been in continuous operation for the last 10 years. To our knowledge, this is the longest, continuous operation without cycling of such a system. The frequency is measured with respect to a hydrogen maser as shown in Fig. 5 .
The beat frequency with respect to the CSO frequency is plotted in Fig. 6 . Because the 2.88 GHz synthesized from the CSO is less than the 2.88 GHz synthesized from the maser, a decrease in CSO frequency is actually recorded as an increase in the beat frequency. A constant linear drift of −8.5 × 10 14 /day is observed over that period. To determine whether the frequency-temperature turning point characteristics change with time, it was remeasured during May 2004 to compare with an earlier measurement during January 1994. This was in case any of the frequency drift was actually due to a drift in the temperature sensor used for the temperature stabilization. We measured only a difference of 20 mK in the turnover, which would contribute only to a couple of millihertz frequency offset, which is negligible to the net change of 0.8 Hz since 1995.
V. Comparison of Long-Term Performance
Comparing the results discussed above with those of other research groups (discussed in this section), we postulate that the limit of the long-term performance of the UWA oscillators is governed by stress release at the resonator supports, and we present evidence based on our work and others. The likely mechanism of frequency change is due to stressed-induced changes of permittivity (which were measured previously to be a larger effect than dimensional changes) [28] . In the original first generation UWA design, the resonators were held tightly from both ends as shown in Fig. 7 . Nevertheless, the oscillator has excellent, long-term performance of −8.5 × 10 −14 /day. Initially the second-generation resonators (with sloped sides as shown in Fig. 8) were designed with the same support structure. However, it was found by Chang and Mann [29] that the long-term drift was degraded and had a magnitude of greater than parts in 10 12 /day. The degraded performance is likely due to the sloped sides, providing a path for stress to be transferred from the support to the outer part of the resonator where the WG modes exist. To Fig. 5 . Schematic of the comparison of the CSO with a hydrogen maser at NMI. The beat frequency at 487 Hz is monitored and plotted over 10 years in Fig. 6 . Fig. 6 . Fractional beat frequency between the CSO and hydrogen maser as a function of time (days since 1/1/02 UTC). The CSO was not cycled cryogenically at all during this period. The drift rate is linear and corresponds to the CSO frequency changing by a fraction of −8.5 × 10 −14 /day. The precision of the curve fit is not improved with an exponential fit, which shows that the drift is linear for at least 10 years. Also, the drift rate remains constant and linear, irrespective of changes in the oscillators electronic configuration and periods of down time, which suggests the drift is not due to the electronic circuit.
reduce the amount of stress, the support was changed to a structure that grips one of the support spindles and leaves the other free. This reduced the frequency drift by one order of magnitude to the order of parts in −10 −13 /day; and now all oscillators with these resonators observe about this value of drift (CSOs at Paris and Toulouse). Because this result is a larger value than the UWA oscillator at NMI (about a factor of 2 or more), the results suggests that the resonators with sloped sides still may be exhibiting frequency drift due to stress at the support translating to sapphire crystal. It also is likely that the frequency drift of the NMI oscillator is due to stress release as the res- Fig. 7 . First generation resonator of 3-cm diameter [10] , [11] , which is clamped and stressed at both ends of the sapphire spindle. Fig. 8 . Schematic of the sapphire resonators for both the SYRTE and CNES oscillators, which have sloped sides, and now are supported by one end [29] , reducing the stress-induced frequency shift in both oscillators to the order of −10 −13 /day. onator is over constrained by being clamped between both ends. By gripping the NMI resonator at one end of the resonator instead of two, the drift of the NMI oscillator probably could be reduced further.
The group at the Laboratoire de Physique et Métrologie des Oscillateurs (LPMO) have developed a CSO made from a 5-cm sapphire cylinder supported at one end in an open configuration (no outer cavity) [30] , [31] . The drift is a further factor of 4 smaller than the UWA oscillator at NMI. One would expect a reduced, stress-induced drift of the LPMO oscillator due to the larger radius of the sapphire resonator and the fact that it is gripped only at one end. However, whether or not their results are still limited by stress release is an open question. The best long-term results in the literature have been obtained by the group at the Jet Propulsion Laboratory (JPL), Pasadena, CA, [32] , of −10 −14 /day. They have taken considerable care in reducing the stress induced at the support structure [33] . The results presented in this paper support the design methodology of JPL, if one is to maintain a small, long-term drift rate of such oscillators. Other factors that might influence the drift rate, which have not been studied, include mechanical sagging, slow vacuum changes, cavity effects, or effects of nearby spurious modes. It is possible that long-term drift in the JPL and LPMO oscillator may be limited by such effects. However, it does seem that the drift in the UWA oscillators are still limited by stress release at the supports, due to the degraded performance with respect to the other oscillators compared in this work. Nevertheless, an interesting result is that all these oscillators maintain a linear drift for a long period. If one fits the data with an exponential, the precision of the curve fits are worse or the same as the linear curve fits.
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